Abstract-The Internet-of-Things (IoT) is expected to be the next revolution of the internet where trillions of IoT nodes will be deployed on a global scale. It is foreseen that a considerable part of these will be deployed in smart buildings and smart homes where they will provide innovative solutions, products, and services. However, this vision contains one major challenge in terms of providing energy to the wireless part of the IoT nodes. This paper proposes a specific solution in form of harvesting energy from a vibrating cantilever beam that has been set into vibration by some user activity. This harvested energy is used to power a transmitter with sufficient energy to overcome the considerable path-losses found inside buildings. From simulations it has been found that a simple user activity such as opening a closet provides enough energy to transmit a short message (one byte) at a distance of approximately 10 meters in an indoor environment.
I. INTRODUCTION
It is expected that the Internet of Things (IoT) will be "the next revolution" of the internet which offers new services that changes the way people interacts, live, work, and travel. Especially the consumer market is expected to be populated with over 12 trillion IoT devices by 2020 where smart homes and building automations will be the major consumers [1] . Services such as intelligent lighting, smart ventilation and heating, as well as smart ioT's such as refrigerators, washing machines and smart freezers will be widespread in the smart homes and the smart buildings. These complex IoT systems need an ICT based infrastructure to support communication between the IoT devices [2] , [3] .
Today the architecture, structure, and content of an IoT device is not well defined, but some common characteristics are expected to be present such as the ability to process data, to sense, and to communicate. These abilities require some form of power supply which often is based on batteries that have some major disadvantages in form of a limited lifespan, they are costly, and they need complex handling when they are discarded. An alternative to batteries would be to harvesting energy from the IoT device environments such as solar, thermal, and kinetic energy [4] , [5] . In the context of smart homes and smart buildings harvesting solar energy indoor is not an option. Similarly, harvesting indoor thermal energy requires a heat-flow based on a heat difference which is not common in the smart homes and the smart buildings. However, harvesting kinetic energy from the user interaction with the smart homes and the smart buildings is a possibility [6] . This harvesting process is discussed in a paper by Gorlatova et al. which discusses the potential in kinetic (motion) energy harvesting for IoT nodes [7] . The main disadvantage in using kinetic energy harvesting is the relative low efficiency factor, i.e. the losses in harvesting mechanical kinetic and convert it into electrical energy is large. Because of this low amount of harvested energy the IoT embedded electronics needs to be able to handle this. Especially, the receiver part is a challenge because it needs energy all the time to stay on for listening for incoming messages. A way to handle this problem is to eliminate the receiver and only deploy a transmitter which means that the IoT node can send a message, but not receive any. This approach is useable in many applications where the wireless network-topology is cluster based, i.e. the edge IoT nodes are able to transmit (only) a message to the cluster header which in turn is able to receive it and retransmit it, i.e. it has sufficient power from sources like the mains, etc. This principle is discussed by Singh et al. which discussed the advantages and disadvantages in different wireless sensor network topologies [8] .
This paper discusses an energy harvesting IoT node which is able to transmit only. The energy harvesting principle is based on a vibrating cantilever beam which is triggered by some user activity, e.g. if the user closes a closet a mechanical mechanism can release the beam so it vibrates. To be able to harvest the produces mechanical energy the beam is coated with a thin layer of piezo-paint which produces electrical energy as a function of the beam strain. This energy is used to power the transmitter. To substantiate this principle a mechanical model of the cantilever beam, a model of the piezoelement, and a communication model has been derived, elaborated, and discussed.
II. THE SIMULATION MODEL
The Euler-Bernoulli beam model used in this work to harvest the kinetic energy provided by a user activation is shown in fig 1. This beam is fixed in one end (left side) and activated in the other end (right side) by the user activation (e.g. opening a closet). This user activation set the beam in vibrations at its natural modes of vibration controlled by its eigenfunctions. These vibrations create a strain in the surface layer of the beam which is transferred to the piezoelectriclayer. In this layer the strain creates a voltage which is transferred to the output by the electrode layer. From a model point of view the beam behavior in time domain and frequency domain can be described (1) together with its boundary conditions. Based on the beam deflection w(x,t) ( fig 2) it is possible to calculate the strain on the beam as a function of x [9] . This strain is a function of the beam thickness and the derivative of the deflection w(x,t) with respect to x (3).
Where: SH is beam height (thickness). w(x) is deflection of the beam at distance x (fig 2).
Based on (3) the transfer function for the piezo element can be written as the output current divided by the input strain [5] (4): Where: i(t) is piezo current at the terminals. v(t) is piezo voltage at the terminals. d31 is piezoelectric constant. Yp is Young's modulus for the piezo element. PW, PH, PL are piezo: width, height, length respectively. 33 is the permittivity of the piezo element.
It is noted that the first term in (4) is the time derivative of the strain multiplied with some constants which yields the dimension of current. The last part of the equation can be modeled as a capacitor (Cp). Using these observations (4) can be written (5):
Where: Cp is piezo element capacity. By using the equivalent model (fig 3) and solve it with respect to its steady-state response v(t) and combine it with the terms from (5) yields (6):
Where: R is load resistor (receiving the harvested power).
By combining (6) with the average strain over the beam length the transfer function is found (7):
The transfer function (7) can be used to find the output voltage as a function of the average strain (8) . This strain is modeled as an exponential decay multiplied with a steady state response in form of a cosine wave with the circular frequency parameter ( ) set to the first mode resonance circular frequency of the beam (2). Where: is the eigenvalues mode one frequency (2). max and can be found by numerical simulation.
The harvested power (10) can be used as an input for the Friis transmission formula (12), i.e. a link budget can be derived (11), (12) [10] . In (12) it is assumed that the power used by the transmitter is constant in the time window T used for the transmission. Where: Pr is the received power with antenna gain Gr. Pt is transmitted power with antenna gain Gt. is wavelength of the signal. is loss exponent. R is distance between receiver and transmitter. t is transmitter efficiency. T is transmit time for one data frame. C is Shannon channel capacity formula. B is transmission bandwidth. ß is realization losses. S/N is signal to noise ratio. k is Boltzmann constant (~1.38E-23). T is temperature in Kelvin.
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III. ELABORATED SIMULATION RESULTS
This section elaborates and presents the simulated results for the energy harvesting beam used in this work (fig 2) . To be able to calculate the power or energy harvested from the beam some parameters in (9) to (11) need to be found. These parameters are the circular frequency ( ), the maximal strain ( max) based on the input force provided by the user activation force, the beam vibration decay constant ( ), and the value of the load resistance (R). The circular frequency ( ) can be found from (2) which is a transcendental equation with no close form solution, i.e. it needs to be solved numerically. The maximal strain ( max) and the beam vibration decay constant ( ) can be found by using a finite element simulation tool for a given user activation force.
The mechanical data used in the simulations are presented in table 1. By defining a strain probe at the point of maximum strain (near the beam fix point) the simulation is able to provide the strain in the mesh close to this point as shown in fig 6. It is noted that the maximal strain ( max) is found to be approximately 2.6E-5 m/m and the exponential decay constant ( ) is found to be approximately 0.025 seconds (fig 7) and (fig  8) . Similarly, by solving (2) numerically the circular frequency ( ) can be found to approximately 2 1362 Hz. By using these numbers in (9) to (11) the harvested power as a function of time and the load resistor (R) can be calculated (10) . As expected the harvested power is decaying similar to fig  8 with the constant (8) . By integrating the power over the time window (11) the total harvested energy is found to approximately 44 J with a best choice (fig 9) load resistor of 100k . It is noted that the load resistor value must match the complex output impedance of the transfer function.
To optimize the power output from the beam the input force must be increased to increase the strain; nevertheless, the strain must be inside the "plastic deformation" range of the material to prevent it from breaking.
Focusing on the link budget (12) the harvested energy is distributed between the losses for the power converter and the losses for the wireless transmitter. These losses are combined into the total efficiency ( t) and they yield approximately 90 percent [9] . Thus, 10 percent of the harvested energy is available for the wireless transmitter, i.e. approximately 4.4 J. By using the approximated transmit energy and the data from table 2 in (11) the path loss can be found. It is noted that the loss exponent ( ) has been set to 3.5 to compensate for the losses in indoor environments, that other losses (closet walls, etc.) is set 10 dB, that the antenna gains is set to -3 dB to allow matching and energy spreading in all directions, and that the 2.4GHz "Industrial Scientific Medical" band is used. Without loss of generality, it is assumed that one payloadbyte (8 bits) is send and the bit-rate is 100 bps. This means that the transmission time is 80 mS which makes it possible to calculate the average power available for the transmitter. By dividing this power with the calculated path loss (12) the signal received can be calculate which can be used in (13) to find the channel capacity (fig 10) . Finally, it has been found that it is possible to transmit up to approximately 10 meters (with a bit-rate up to 100 bits/s) in an indoor environment with the energy harvested from the short impulse provided by the activation from the user.
IV. CONCLUSION
This paper introduces an energy harvesting IoT node which is able to harvest the energy produced when a user e.g. opens a closet and use this energy to power data transmission. Without loss of generality simulations have been performed on a cantilever beam coated with energy harvesting paint (piezoelectric paint). It has been found that by applying a small force (1 Newton) for a short time provides enough energy for transmission of 1 byte at a distance of 10 meters in an indoor environment. This non-trivial result indicates a large potential for constructing simple IoT nodes with wireless transmitter capabilities which do not depend of external power sources. Therefore the formulas and the details in the simulations are elaborated to substantiate the claimed results.
Today, the technology for constructing and manufacturing energy harvesting IoT nodes is still in an immature phase why IoT energy harvesting devices are not commercially available at a large scale, i.e. a lot of standardization and research activities are needed in these fields. However, it is expected that energy harvesting IoT devices will be part of the future IoT revolution.
